Abstract To investigate the suitability of the marine diatoms, Chaetoceros curvisetus and C. simplex for the removal of macronutrients from different wastewater, the growth and nitrate-phosphate removal properties were studied with nitrate, ammonium and urea nitrogen sources. Three separate experiments were conducted using modified F/2 medium with 12.35 mg L -1 total nitrogen and 1.12 mg L -1 total phosphorous (simulating the typical concentration of nitrogen and phosphorus in secondary effluent) as growth medium. The maximum cell densities of C. curvisetus and C. simplex were 7.16 ± 0.34 9 10 4 cells mL -1 in NO À 3 and 3.88 ± 0.32 9 10 5 cells mL -1 in urea, respectively. The maximum chlorophyll a per cell was 1.7 and 4.7 pg for C. simplex and C. curvisetus, cultured with urea and nitrate, respectively. The high protein contents of 4.7 pg cell -1 in C. simplex with urea and 19.7 pg cell -1 in C. curvisetus nitrate nitrogen sources were found. The higher cell density and protein content of both species from urea and nitrate nitrogen sources (p \ 0.05) have shown that these were utilized by microalgae and were converted to protein. The C. simplex and C. curvisetus showed maximum removal efficiencies of nitrate by 97.86 and 91.62 % and phosphate by 98.5 and 100 %, respectively when urea used as nitrogen source than ammonia. The results indicated the C. simplex was more efficient than C. curvisetus and suitable for the removal of macronutrients when cultured with urea and nitrate nitrogen sources.
Introduction
The input of nutrients especially nitrogen and phosphorus by human activities increased into biochemical cycles through agricultural practices, urbanization, industrialization and other activities. The widespread use of nitrogen fertilizers, following discharges of agricultural and industrial effluents resulted in the pollution of aquatic environment and is the main cause of eutrophication (Karthikeyan et al. 2010; Manimaran et al. 2011) . Nutrient enrichment or eutrophication of aquatic ecosystems can cause an increase in algae and aquatic plants, loss of component species and loss of ecosystem function. In connection with these problems, numerous studies have aimed on nitrogen and phosphorus removal from wastewater (Thakur and Kumar 1999) . Most of these studies are based on biological processes and different combinations of anaerobic, aerobic and anoxic zones (Aslan and Kapdan 2006) . It was reported that nitrate and phosphate could be effectively taken up by photosynthetic microorganisms namely, cyanobacteria and green algae. The phytoplankton has many advantages for application to nitrate and phosphate removal than macrophytes. It proliferates throughout the entire year with high growth rates when environmental conditions such as light, nutrients and water temperature are suitable (Alexander and Goldman 1994) . Free-living and immobilized cells of microalgae have been extensively studied and used for the removal of the inorganic compounds from water (Garbisu et al. 1992; Urrutia et al. 1995; Gonzalez-Bashan et al. 2000; Tam and Wong 2000) .
The advantages of using algae includes the low cost of the operation, the possibility of recycling assimilated nitrogen and phosphorus into algae biomass as a fertilizer, avoiding a sludge handling problem and the discharge of oxygenated effluent into the water body (Hu et al. 2000) . In addition, the process has no carbon requirement for nitrogen and phosphorus removal, which is attractive for the treatment of secondary effluents (Aslan and Kapdan 2006) . The concentrations of nitrate, phosphate in different sources (urea, nitrate and ammonia) in the secondary effluents vary depending on the wastewater characteristics (Aslan and Kapdan 2006) . The total nitrogen concentration was reported as 788 mg L -1 in pretreated piggery wastewater by An et al. (2003) , respectively in the conventional secondary treatment effluent of domestic wastewater (Martinez et al. 2000) whereas they were 48 mg NH et al. 1999) . The wastewater treatment with microalgae was reported in the use of high-rate algae ponds (HRAP) (Cromar et al. 1996; Deviller et al. 2004) . Recently corrugated raceways (Olguin et al. 2003 ), a triangular photobioreactor (Dumas et al. 1998 ) and a tubular photobioreactor (Cattaneo et al. 2003) have been developed for nutrient removal. The microalgae Chlorella sp., Scenedesmus sp., Spirulina sp., Nannochloropsis sp. and Phormidium sp. have been widely investigated and used for nutrient removal from wastewater (Lee and Lee 2001; Gonzales et al. 1997; Martinez et al. 1999; Olguin et al. 2003; JimenezPerez et al. 2004; Laliberte et al. 1997; Dumas et al. 1998) .
Many studies have focused on the objective of optimization of nitrogen and phosphorous removal and environmental factors influencing on microalgal growth, such as nutrient concentration (Aslan and Kapdan 2006) , nutrient type (Hyenstrand et al. 2000) , light availability (Janssen et al. 2000) and pH (Xin et al. 2010) . Wastewater may contain different forms of nitrogen (nitrate, ammonium, urea, etc.) , so it is important to know the effect of different nitrogen compounds on microalgal growth and nutrient removal (Xin et al. 2010) . Among the phytoplankton, diatoms are contributing higher diversity and biomass production in marine environment and not well recognized for bioremediation purposes. The centric diatoms, C. curvisetus and C. simplex were studied extensively for their biochemical composition and used for larval diet in aquaculture practices. But the reports are very limited in the use of diatoms for wastewater treatment. Hence the present investigation focused on the objective of growth, biochemical composition and NP removal properties of these two marine diatoms with three different nitrogen sources viz. nitrate, urea and ammonia.
Materials and methods

Microalgae
The marine centric diatoms, C. curvisetus and C. simplex were isolated by serial dilutions in F/2 media from Vellar estuary, Southeast coast of India. The stock cultures were maintained in Guillard F/2 media following the methods described in Andersen (2005) .
Experimental setup
The modified F/2 medium with 12.35 mg L -1 TN and 1.12 mg L -1 TP (simulating the typical concentration of nitrogen and phosphorus in secondary effluent) was used as growth medium. In all experiments, K 2 HPO 4 Á3H 2 O (5.6 mg L -1 ) was used as phosphorus source. Besides nitrogen and phosphorus, the composition of other elements was the same with F/2 medium.
All the experiments were conducted in 5,000-ml Erlenmeyer flasks with 3,000-ml algal cultures in three replicates. The subcultures of C. simplex and C. curvisetus were maintained with three kinds of nitrogen sources, NaNO 3 (75 mg L -1 and 24.72 mg L -1 of NaNO 3 and TN, respectively), NH 4 Cl (47 mg L -1 and 24.72 mg L -1 of NH 4 Cl and TN, respectively) and urea (53 mg L -1 and 22.35 mg L -1 of urea and TN, respectively) for 7 days. The cell density was estimated at every 24 h intervals; the total nitrogen and phosphorous were analysed in culture medium, before inoculation of algal cells and after 7 days of culture. The protein and carbohydrate contents were estimated at the end of the experiment.
Growth rate
The growth rate was calculated using the following formula (OECD 2002) ,
Where N 0 is the number of cells in time zero, N x is the number of cells in time x, t 0 is the starting time (0) and t x is the time x (in days).
Doubling time
The doubling time was calculated by the following formula ,
where, N 0 is the number of cells in time zero, N t is the number of cell in time t, t is the time in hours. The results were presented in doubling time (DT) in hours.
Parameters maintained
During isolation, stock culture maintenance and experiments were conducted; the parameters viz. temperature, light intensity, photoperiod and salinity were maintained as 24 ± 2°C, 4500 ± 500 Lux, 14 ± 1:8 ± 1 h (light:dark) and 30 psu, respectively.
Analytical methods
The total nitrogen and total phosphate were estimated at the beginning and the end of the experiment in cell-free media by centrifugation followed by Strickland and Parsons (1972) . After 7 days of culture, the cells were isolated by centrifugation and the pellet used for further analysis of protein and carbohydrate. The protein was estimated by Folin's phenol reagent method (Lowry et al. 1951) and the carbohydrate was estimated by phenol sulphuric acid method (Dubois et al. 1956 ).
Data analysis
Three replicates of each sample were used for statistical analysis and the values were reported as mean ± SD. Oneway ANOVA and Duncan's multi-variant analysis were carried out using SPSS, version 16.0 software to study the difference between nitrogen sources and species.
Results
The growth curves of C. curvisetus and C. simplex with different nitrogen sources are shown in Fig 1. The C. curvisetus was grown fastest in NO À 3 followed by urea whereas C. simplex was grown fastest in urea followed by NO À 3 . The organisms grew slowest on ammonia. The maximum cell density of 7.16 ± 0.34 9 10 4 cells mL -1 (growth rate 1.16 l day -1 ) and 3.88 ± 0.32 9 10 5 cells mL -1 (growth rate 0.59 l day -1 ) of C. curvisetus and C. simplex were found in NO À 3 and urea, respectively ( Fig. 1 and Table 2 ). The maximum chlorophyll a per cell was 1.7 and 4.7 pg for C. simplex and C. curvisetus which were cultured with urea and nitrate, respectively. The Chl a of 3.9 pg cell -1 was observed in urea used as nitrogen source in the medium for C. curvisetus and 1.6 pg cell -1 for C. simplex in nitrate (Fig 5) . The protein content of C. simplex did not showed any significant variations with urea and nitrate nitrogen sources (4.7 pg cell -1 in urea and 4.6 pg cell -1 in NO À 3 ) where it was 3.4 pg cell -1 in ammonia nitrogen. The maximum protein of 19.7 and 16.8 pg cell -1 was found in C. curvisetus cultured with nitrate and urea, respectively. The carbohydrate contents of C. simplex were 0.86, 0.78 and 0.62 pg cell -1 , whereas it was 3.6, 4.5 and 0.4 pg cell -1 in C. curvisetus with urea, nitrate and ammonia nitrogen, respectively (Fig. 6 ). Figs. 2, 3, 4) .
The capacity of nitrate and phosphate removal differed between the species as well as among the nitrogen sources used (Fig. 4) . The observations in the present study showed that both species performed well in the removal of both N and P when urea used as nitrogen source in culture medium. Next to urea, the nitrate was observed as a good source of nitrogen for each species in the removal of N and P. The removal of nitrate was 97.86 and 91.62 %; the phosphate was 98.5 and complete removal by C. simplex and C. curvisetus, respectively cultured with urea source for 7 days (Fig. 3) . When compared to urea and nitrate the slow growth of the both species was observed with ammonia ( Fig. 1) . The order of nitrate and phosphate removal capacities with different nitrogen sources was NH Table 1 ). The one-way ANOVA results that showed the nitrogen sources and the two species were significantly different for their growth, nitrate phosphate removal and biochemical compositions.
Discussion
The microalgae could be used for the removal of phosphate and nitrate from wastewater. In this present study, the order of specific growth rate, chlorophyll, protein and carbohydrate contents with different nitrogen sources was NH (Table 1 ). The order of growth rate and nutrient removal of C. curvisetus was similar to Scenedesmus sp. LX1 after 13 days of cultivation with nitrate, ammonium and urea as nitrogen sources (Xin et al. 2010) . But the C. simplex was grown fastest with urea and the higher growth rate was observed in the present study from urea nitrogen (Fig. 2) . When urea used as a nitrogen source, the initial pH of the medium is slightly high compared to other nitrogen sources. This might be the reason for highest growth rate of C. simplex in urea (Garcia et al. 2006; Xin et al. 2010) . Other than this reason, the C. simplex is very smaller in cell size and bio-volume than C. curvisetus. So the growth rate and doubling time of C. simplex were higher than C. curvisetus in this present study. The algal growth in the present study with ammonium nitrogen was significantly low. However, the ammonium is good nitrogen source for the phytoplankton growth, the unfavorable concentration causes growth inhibition due to toxicity and/or acidifying the culture media during algal growth (Garcia et al. 2006; Xin et al. 2010) .
After 7 days of cultivation with nitrate, ammonium and urea as nitrogen sources, TN removal efficiencies of C. simplex was significantly high with urea and nitrate nitrogen. But, C. curvisetus efficiently removed the TN from the media in the presence of nitrate nitrogen. The TP removal capacities were also observed in the same trend as TN removal. The TN and TP removal capacities of the diatoms in this study were slightly lower than Scenedesmus sp. LX1 after 13 days cultivation (Xin et al. 2010) . However, the nutrient removal efficiencies of these two diatoms were higher than Chlorella spp. and Phormidium bohneri (Dumas et al. 1998; Lee and Lee 2001; Valderrama et al. 2002) . The growth and nutrient uptake properties of these two species significantly varied because each species require unique suitable environmental conditions such as light intensity, temperature and salinity, etc. (Aslan and Kapdan 2006) . From the available literatures, the different kinds of biomolecules have been produced in a single species of microalgae with changing environmental parameters. Aslan and Kapdan (2006) found that the NH . In the present study, the initial NH þ 4 concentration was 47 mg L -1 and the nitrate removal was 26.9 and 3.1 % by C. simplex and C. curvisetus, respectively. The chlorophyll content of C. simplex and C. curvisetus estimated in this study was slightly varied with cell density and nitrogen sources. The nutrient concentrations also influenced the chlorophyll a concentration and light intensity with major significance (Sciandra et al. 2000; Young and Beardall 2003; Lafarga-De la Cruz et al. 2006; Eker-Develi et al. 2006) .
The protein and carbohydrate contents of C. simplex and C. curvisetus in this present study are under the range of reported amounts in other diatoms like Chaetoceros calcitrans, C. gracilis, Nitzchia closterium, Phaeodactylum tricornutum, Skeletonema costatum, Thalassiosira pseudonana and Tetraselmis chui by Brown (1991) . So, the biomass produced after wastewater treatment could be used for many purposes after required precautions such as sterilization, etc.
Conclusions
Further optimization of other environmental parameters can improve the nutrient removal efficiency of C. curvisetus. If ammonium was the main nitrogen source in wastewater, a buffer solution should be added to keep pH above 7.5 for algal growth and nutrient removal.
